Genomic imprinting is an epigenetic phenomenon found in mammals and flowering plants that leads to differential allelic gene expression depending on their parent of origin. In plants, genomic imprinting primarily occurs in the endosperm, and it is associated with seed development. The imprinted expression is driven by the epigenetic memory programmed in each lineage of female and male germlines. Several imprinted genes have been identified based on genetic studies in maize and Arabidopsis. Recent advances in genome-wide analyses made it possible to identify multiple imprinted genes including many nuclear proteins, such as transcription factors and chromatin-related proteins in different plant species. Some of these genes are conserved in Arabidopsis, rice and maize, but many are species specific. Genome-wide analyses also clarified the regulation mechanism of imprinted genes orchestrated by DNA methylation and histone methylation marks. Additionally, genetic analyses using Arabidopsis revealed new regulatory factors of DNA demethylation and imprinting and shed light on the more precise mechanisms.
Introduction
According to the Mendelian genetics, the genes from the maternal and paternal genome contribute equally to the traits of the offspring. However, certain genes of flowering plants and mammals are differentially expressed between paternal and maternal alleles (Feil and Berger 2007) . This epigenetic phenomenon is known as genomic imprinting. It is due to the different epigenetic marks of parental alleles established in the germline. Genomic imprinting is defined as 'de novo' differential allelic gene expression depending on the parent of origin, and it is different from uniparental transcripts by cytoplasmic inheritance (Bayer et al. 2009 ).
Genomic imprinting in plants is primarily restricted to the endosperm, which supports embryonic growth, and it is associated with seed development (reviewed in Kohler and Weinhofer-Molisch 2009 , Bauer and Fischer 2011 , Raissig et al. 2011 ). Genomic imprinting is also found in mammals, where it regulates development of the placenta (Feil and Berger 2007) . Endosperm and mammalian placenta are functionally equivalent as they both support embryo development; it is interesting that plants and mammals have independently acquired genomic imprinting as a control mechanism of the organ that supports growth of the embryo.
The kinship theory is one theory for explaining genomic imprinting Westoby 1989, Wilkins and Haig 2003) . It is argued that genomic imprinting has evolved as a result of the conflict of parental contribution; while the female can profit from sending nutrients to their progeny in a thrifty manner, the male can benefit from increasing the nutrients to as many offspring as possible to overcome the competition from the children of other males. Indeed, maternal and paternal genomes play distinct roles in the regulation of seed size (Scott et al. 1998) . Furthermore, several Arabidopsis maternally expressed genes (MEGs) are known to repress endosperm development (Grossniklaus et al. 1998 , Kiyosue et al. 1999 , Luo et al. 1999 . On the other hand, imprinted MATERNALLY EXPRESSED GENE1 (MEG1) in maize promotes nutrient allocation (Costa et al. 2012 ). This result is not consistent with parental conflict. Although the evolution of imprinting with relation to parental conflict is still unclear and controversial, it would be interesting to test for natural variation at the MEG1 locus in maize and in its ancestor teosinte to identify when imprinting evolved and the influence that artificial selection may have had at this locus (Costa et al. 2012) .
The first allele-specific imprinted gene discovered in plants was the maize R gene, which is involved in the coloration of kernel endosperm (Kermicle 1970) . In Arabidopsis, several imprinted genes have been identified by genetic studies (reviewed in Fischer 2011, Raissig et al. 2011) .
and ARABIDOPSIS FORMIN HOMOLOGUE 5 (FH5) were identified as MEGs, whereas PHERES1 (PHE1) was identified as a paternally expressed gene (PEG) (Kinoshita et al. 1999 , Vielle-Calzada et al. 1999 , Kinoshita et al. 2004 , Kohler et al. 2005 , Jullien et al. 2006b , Tiwari et al. 2008 , Fitz Gerald et al. 2009 ). Recent genome-wide transcriptome analyses revealed multiple other imprinted genes in several plant species. In this review we will summarize the identified new imprinted genes and discuss their role and evolution.
Establishment of imprinted expression in the Arabidopsis endosperm is partly dependent on DNA demethylation by the DEMETER (DME) cytosine demethylase in the central cell of the female gametophyte, which is the progenitor of the endosperm (Choi et al. 2002 , Gehring et al. 2006 ). In addition, histone methylation mediated by the Polycomb repressive complex 2 (PRC2) is also involved in the silencing of imprinted genes (Kohler et al. 2005 , Baroux et al. 2006 , Gehring et al. 2006 , Jullien et al. 2006a . In this review we will also present recent advances in our knowledge of the control mechanisms of genomic imprinting.
Discovery of Plant Imprinted Genes Based on Genome-Wide Analyses

Approaches to identify imprinted genes
Imprinted genes in plants are often regulated by DNA methylation. Methylation asymmetry in the proximal region between two parental alleles was found in several imprinted genes (Kinoshita et al. 2004 , Gehring et al. 2006 , Gutierrez-Marcos et al. 2006 . In Arabidopsis endosperm, genome-wide CG hypomethylation was detected due to the inheritance of demethylated DNA from the female central cell (Gehring et al. 2009 , Hsieh et al. 2009 ). Based on these findings, Gehring et al. used two characteristics of imprinted genes for identification of new imprinted genes in Arabidopsis: preferential expression in the endosperm and the presence of differentially methylated regions (DMRs) in their 5 0 , 3 0 or gene body region between endosperm and embryo. This survey revealed approximately 100 candidate imprinted genes, and in five of them imprinted expression was confirmed (Gehring et al. 2009 ).
Genome-wide transcriptome analyses using high throughput sequencing technology revealed many candidate imprinted genes in Arabidopsis, rice and maize. This analysis method also needs to take into account the possibility of including the genes detected by contamination by maternal tissues, because the endosperm and embryo are surrounded by the maternal sporophytic tissues. In Arabidopsis, RNAs isolated from dissected endosperms and embryos of Col-0/Ler reciprocal hybrid seeds at 7-8 days after pollination (DAP) were sequenced (Gehring et al. 2011 , Hsieh et al. 2011 . The authors assessed differential allelic expression using single nucleotide polymorphisms (SNPs) in hybrid seeds. The measurement of imprinted genes depends on the P-value, and many candidates showed partial imprinting, which is biased expression but not complete monoallelic expression. Hsieh et al. identified 116 MEGs and 10 PEGs in the endosperm, while Gehring et al. also reported 165 MEGs and 43 PEGs in the endosperm; there was a considerable overlap between the genes reported by the two groups. A third group sequenced RNAs from entire seeds of Col-0/Bur-0 reciprocal hybrids at 4 DAP containing globular stage embryos . They selected the genes for which the ratio of paternal to maternal reads exceeded the value expected if the genes were expressed equally in both alleles. They further filtered the genes exhibiting exclusive expression in the endosperm as MEGs. They identified 39 MEGs and 27 PEGs that have the potential for being imprinted; there was only limited overlap with those identified by Hsieh et al. and Gehring et al. These differences may be due to difference in the accession (difference in SNPs) and/or the experimental conditions, including methods and the time point of sample collection.
Similar approaches have also been applied to identify imprinted genes in rice and maize. Rice transcripts of 6 DAP embryos and 5 DAP endosperm from reciprocal hybrid seeds between two subspecies, Nipponbare and 93-11, were analyzed (Luo et al. 2011) . A total of 93 MEGs and 72 PEGs were reported as candidate imprinted genes in the endosperm. In maize, the endosperm transcripts of reciprocal crosses between inbreds B73 and Mo17 at 10 DAP were analyzed; 68 MEGs and 111 PEGs were identified . Among the identified imprinted genes, 15 are conserved between rice and maize, 27 between rice and Arabidopsis and six between maize and Arabidopsis, suggesting that the conservation of 810 Plant Cell Physiol. 53 (5) (Gehring et al. 2011 , Hsieh et al. 2011 , Luo et al. 2011 .
Interestingly, only one gene is targeted for imprinting in the embryo of rice but not in Arabidopsis (Gehring et al. 2011 , Hsieh et al. 2011 , Luo et al. 2011 ). This confirms that genomic imprinting primarily occurs in the endosperm in both Arabidopsis and rice. The maize MATERNALLY EXPRESSED IN EMBRYO 1 (MEE1) gene is maternally expressed both in the embryo and in the endosperm (Jahnke and Scholten 2009) . It seems to be a rare case, but it is possible that imprinting mechanisms, operating in the embryo, exist in plants as in mammals.
Genome-wide analyses of imprinted genes using the above approaches have several limitations. One is the availability of SNPs on the target genes in the selected accessions and subspecies, which are needed for the detection of allele-specific expression. In addition, imprinting of genes expressed at low levels is difficult to assess. cDNA-AFLP (amplified fragment length polymorphism) is likely to be effective for the detection of imprinted genes expressed at a low level. Using this procedure, new imprinted genes were identified in maize and Arabidopsis (Guo et al. 2003 , McKeown et al. 2011 . Candidate Arabidopsis imprinted genes identified by cDNA-AFLP were different from those identified by the above-mentioned research groups.
New imprinted genes identified by genome-wide analysis
Genome-wide analyses have identified many nuclear proteins, such as transcription factors and chromatin-related proteins, as imprinted genes. For example, Arabidopsis HOMEODOMAIN GLABROUS 8 (HDG8) and HDG9, encoding a class IV homeodomain-leucine zipper (HD-ZIP) transcription factor, were identified as MEGs (Gehring et al. 2009 ). The product of the known MEG FWA is also included in class IV HD-ZIP proteins (Kinoshita et al. 2004) . Another HD-ZIP family gene HDG3 has also been identified as a PEG (Gehring et al. 2009 ). In addition, MADS-box genes, a family which includes the known PEG PHE1, were identified amongst both PEGs and MEGs in Arabidopsis . Several members of the MYB and zinc-finger protein family showed maternal expression (Gehring et al. 2009 , Gehring et al. 2011 , Hsieh et al. 2011 . Another example is putative 5-methylcytosine-binding protein VARIATION IN METHYLATION 5 (VIM5), which was identified as a strongly expressed PEG in Arabidopsis, rice and maize (Gehring et al. 2011 , Hsieh et al. 2011 , Luo et al. 2011 . Two other Arabidopsis homologs of VIM5, VIM1 and VIM6, are also paternally expressed (Gehring et al. 2011) . VIM proteins are known to act as ubiquitin E3 ligases and are thought to have a role in maintaining DNA methylation through histone ubiquitination (Woo et al. 2007 , Kraft et al. 2008 . In Arabidopsis, the histone methyltransferase gene SU(VAR)3-9 HOMOLOGUE 7 (SUVH7), SUVH9 and RNA Polymerase IVa are paternally expressed, while SUVH8 and putative histone demethylase JUMONJI C DOMAIN 15 (JMJ15) are maternally expressed (Gehring et al. 2011 , Hsieh et al. 2011 ). Some Arabidopsis cytidine deaminase genes, proposed to be required for DNA demethylation in mammals, are maternally expressed (Hsieh et al. 2011 .
The genes coding for components of the E3 ubiquitin degradation pathway, E3 SCF complexes Arabidopsis Skp1-like 8 (ASK8) and ASK10, were found to be MEGs (Hsieh et al. 2011) . The maternally expressed F-box protein SUPPRESSOR OF DRM1 DRM2 CMT3 (SDC) is also predicted to be involved in the E3 ubiquitin ligase complex (Hsieh et al. 2011) . Because a recent report shows that the fertilization-independent seed (FIS)-PRC2 complex is regulated by CUL4-DDB1 E3 ubiquitin ligase, these E3 ubiquitin ligase genes may have evolved as imprinted genes affecting seed development through PRC2 regulation (Dumbliauskas et al. 2011) .
The imprinted genes also include a number of plant hormone signal transduction genes such as genes involved in the jasmonate, ethylene, brassinosteroid and auxin pathways, as well as genes coding for cell wall-related proteins (Gehring et al. 2011 , Hsieh et al. 2011 . YUCCA10 (YUC10), which encodes flavin monooxygenases involved in auxin transport during embryogenesis, was identified as a PEG in Arabidopsis, rice and maize (Gehring et al. 2011 , Hsieh et al. 2011 , Luo et al. 2011 .
Thus, genome-wide analysis revealed multiple imprinted genes. However, the contribution to endosperm development and nutrient allocation of these genes is not known yet, except for a few genes involving the PRC2 component mentioned later. Therefore, further investigation into the roles of these imprinted genes will provide insights into the functional and evolutionary aspects of imprinting in plants and provide an opportunity to test the various proposed theories.
Evolution of imprinted genes
In mammals, imprinted genes are known to form a cluster that is regulated by DNA methylation of one imprinting control region (ICR). In contrast, only limited imprinted gene clusters have been found in Arabidopsis and rice (Gehring et al. 2011 , Luo et al. 2011 ). On the other hand, it was reported that imprinted gene clusters are relatively more frequent in maize . It is still unknown whether it is the case that a clustered gene is regulated by one ICR or not; further investigation is needed to elucidate this.
Tests have been carried out to determine whether the imprinted gene MEA is rapidly evolving under positive selection (Kawabe et al. 2007 , Spillane et al. 2007 , Miyake et al. 2009 ). Kawabe et al. demonstrated that there was no evidence for positive selection in the MEA-coding region, whereas the promoter region displays high diversity in outcrossing Arabidopsis lylata. Wolff et al. (2011) measured the evolutionary rate of multiple imprinted genes between Arabidopsis thaliana and A. lyrata orthologs. The rate of evolution between imprinted and non-imprinted Arabidopsis genes was analyzed by comparing the amino acid substitution levels. Intriguingly, imprinted genes evolved faster than non-imprinted genes. This result suggests the positive Darwinian selection of imprinted genes.
In several plant species, components of PRC2 are maternally expressed in the endosperm (Fig. 1) . In Arabidopsis, PRC2 components MEA, homolog of Drosophila E(z), and FIS2, homolog of Drosophila Su(z)12, are maternally expressed in the endosperm (Kinoshita et al. 1999 , Vielle-Calzada et al. 1999 , Jullien et al. 2006b ). The Arabidopsis FIS-PRC2 complex, including MEA and FIS2, is expressed in the gamete and in the developing endosperm and is required for silencing of imprinted genes (e.g. the maternally inherited PHE1 and paternally inherited MEA) by catalyzing the trimethylation of histone H3 at Lys27 (H3K27) (Kohler et al. 2005 , Baroux et al. 2006 , Gehring et al. 2006 , Jullien et al. 2006a ). On the other hand, in maize endosperm, homologs of Drosophila E(z) MAIZE ENHANCER OF ZESTE 1 (MEZ1) and Esc FERTILIZATION INDEPENDENT ENDOSPERM 1 (FIE1) are maternally expressed, and maternal expression of FIE1 is due to DNA demethylation (Gutierrez-Marcos et al. 2006 , Hermon et al. 2007 ). Maternal expression of maize FIE2, another homolog of Arabidopsis FIE, is also detected in the early endosperm. However, FIE2 expression is predominant in the embryo and to a lesser extent in the endosperm, similar to Arabidopsis FIE ). Thus FIE2 is likely to be a functional ortholog of the Arabidopsis FIE and a distinct from imprinted gene (Yadegari et al. 2000 . In rice, OsFIE1 shows maternal expression, but the rice homologs of Drosophila E(z) do not show imprinted expression (Luo et al. 2009 ). A maternally expressed gene OsMADS87, a homolog of Arabidopsis PHE1, was also identified as a possible target of rice PRC2 (Ishikawa et al. 2011) . Thus, maternal imprinting of PRC2 components is common in these plant species. However, the imprinted components of PRC2 vary among species. One possible explanation for this variation among plant species is that the imprinted expression of PRC2 components has been established distinctly after each speciation of Arabidopsis, rice and maize. Because imprinted expression is often regulated by the methylation status of the proximate DMR, and DMRs are enriched in repetitive sequences derived from transposable elements (TEs), it has been proposed that genomic imprinting is derived from a by-product of silencing invading foreign DNA (Gehring et al. 2009 , Hsieh et al. 2009 , Kohler and Weinhofer-Molisch 2009 . In other words, TE insertions and subsequent silencing of TEs may trigger imprinted gene expression in the endosperm. If this is the case, the establishment of imprinted expression by TE insertions and silencing may have been induced distinctly after each speciation of Arabidopsis, rice and maize. Established imprinted regulation of PRC2 components related to suppression of endosperm development may provide evolutionary advantages as explained by the parental conflict theory.
Recent Advances in the Control Mechanism of Imprinted Genes
Control by DNA demethylation and PRC2
Two different epigenetic mechanisms for the establishment of genomic imprinting in plants are known: (i) DNA demethylation and (ii) histone methylation mediated by PRC2. The expression of Arabidopsis MEA, FIS2 and FWA, which are known MEGs, is related to the methylation status of DMRs in the proximal region of each gene (Kinoshita et al. 2004 , Gehring et al. 2006 , Jullien et al. 2006b ). DNA methylation of DMRs is maintained by several DNA methyltransferases in the somatic cells and sperm cells, whereas 5mC sites are passively demethylated by the transcriptional repression of METHYLTRANSFERASE1 (MET1) (Jullien et al. 2008 ) and actively removed by DME DNA demethylase in the central cell of the female gametophyte (Choi et al. 2002 , Gehring et al. 2006 . It is known that DNA methylation in the promoter proximal region is correlated with gene silencing. (H3K27 trimethylation) Fig. 1 Imprinting of PRC2 genes in plants. Structure of the Drosophila PRC2 complex and its homologous FIS2-PRC2 complex expressed in gametes and endosperm in Arabidopsis, maize and rice. Red colored , are maternally expressed genes. PRC2 represses the expression of target genes in a H3K27 methylation-dependent manner. In Arabidopsis, PRC2 represses maternally inherited PHE1, which is a PEG, and paternally inherited MEA, which is a MEG. In rice, the MEG OsMADS87 is a putative target of PRC2.
activation of particular MEGs in the central cell. The different methylation status of DMRs in the central cell and sperm cell is inherited and causes imprinted expression in the endosperm. On the other hand, PRC2, which catalyzes the trimethylation of the H3K27 repressive mark, is often required for silencing of the paternal allele of MEGs (e.g. MEA and FH5) and the maternal allele of PEGs (e.g. PHE1) (Baroux et al. 2006 , Gehring et al. 2006 , Jullien et al. 2006a , Makarevich et al. 2006 , Fitz Gerald et al. 2009 ). Recent genome-wide analyses helped our understanding of the multiple control mechanisms of imprinted genes by DNA methylation and PRC2. Genome-wide H3K27me3 profiling data using isolated endosperm revealed the control mechanism by an antagonistic placement of DNA methylation and H3K27me3 at defined sequences (Weinhofer et al. 2010) . Interestingly, hypomethylation of the repeat located in the 3 0 region of PHE1 is needed for silencing of the maternal allele (Makarevich et al. 2008) . Based on these results, it is proposed that DNA methylation prevents targeting by PRC2, while DNA demethylation allows H3K27 modification by PRC2 (Weinhofer et al. 2010) . The location of DNA methylation target site in relation to the transcriptional start and stop site is different between MEGs and PEGs . DNA methylation target sites of MEGs are located closer to the transcriptional start and stop sites than those of PEGs, suggesting that the distance of DNA methylation target sites from the transcriptional start and stop site is related to that the gene being expressed as a MEG or a PEG.
Genome-wide transcriptome analysis using DME demethylase mutants and PRC2 component mutants has shown that repression of paternally inherited MEGs primarily depends on DNA methylation or PRC2, whereas repression of maternally inherited PEGs mainly depends on PRC2 (Hsieh et al. 2011) . Futhermore, many maternally inherited MEGs are targeted not only by DNA demethylation, but also by PRC2 (Weinhofer et al. 2010 , Hsieh et al. 2011 proposed hierarchical control of MEGs by DNA methylation and PRC2; PRC2 controls the expression level of activated MEG by DNA demethylation.
Thus, imprinted expression is orchestrated by DNA demethylation and PRC2. Moreover, it is interesting that regulation of certain imprinted genes requires neither DNA demethylation nor PRC2, suggesting that plants also utilize an as yet unidentified mechanism to control genomic imprinting (Hsieh et al. 2011 ).
New insights into DNA demethylation of imprinted genes
Genetic analyses using Arabidopsis have revealed several key players in DNA demethylation (Ikeda and Kinoshita 2009 ). In the somatic and sperm cells, DNA methyltransferase MET1 maintains DNA methylation on CpG sites. During female gametogenesis, MET1 is repressed by the retinoblastoma pathway including MULTICOPY SUPPRESSOR OF IRA1 (MSI1) and RETINOBLASTOMA RELATED 1 (RBR1) complex (Jullien et al. 2008) . MET1 depression is eventually predicted to cause genome-wide passive demethylation and creates the preferred substrate for DME DNA demethylase. DME is strongly expressed during formation of the central cell but not in sperm cells or in fertilized cells (Choi et al. 2002 , Schoft et al. 2011 . DME can actively excise 5-methylcytosine as a bifunctional enzyme that possesses both DNA glycosylase (removes the base by cleavage of glycosidic bond) and AP lyase activities (cleaves the abasic site) , Gehring et al. 2006 , Morales-Ruiz et al. 2006 . DNA glycosylase and AP lyase are involved in the base-excision DNA repair (BER) machinery. Arabidopsis thaliana DNA LIGASE I (AtLIG1) is also involved in the BER pathway after the excision step. It was reported to exert a maternal effect on seed development (Andreuzza et al. 2010) . Although AtLIG1 has a limited impact on imprinted gene expression, DME is epistatic to the AtLIG1 mutant phenotype of seed abortion, suggesting that AtLIG1 acts downstream of DME. Thus, it was suggested that single-strand breaks created by DME are repaired by AtLIG1.
Besides the BER machinery, STRUCTURE SPECIFIC RECOGNITION PROTEIN1 (SSRP1) was identified as a new controlling factor for DNA demethylation in Arabidopsis (Ikeda et al. 2011) . SSRP1 affects DNA demethylation and expression of many imprinted genes. SSRP1 is known as a component of the FACT (facilitates chromatin transcription/ transaction) histone chaperone. The FACT complex is found in diverse organisms; one function of FACT is binding to histones H2A and H2B and contributing to the chromatin state change (Belotserkovskaya et al. 2003 ). The precise controlling mechanism of DNA demethylation by SSRP1 remains unclear, but genetic dissection indicated that DNA demethylation by DME requires SSRP1 function through a process different from direct DNA methylation control. One possible explanation is that SSRP1 changes the chromatin state from inaccessible to accessible, allowing the action of DME. It still not clear how the transition from a silent state to a transcriptionally active state is mediated by DNA demethylation; SSRP1 may provide a clue to elucidate the precise mechanism of transcriptional activation by interplay of chromatin state change and DNA demethylation.
TE silencing mediated by maternal-specific small interfering RNA Genome-wide DNA demethylation in the endosperm not only affects imprinted genes but also affects repetitive elements and TEs (Gehring et al. 2009 , Hsieh et al. 2009 , Zemach et al. 2010 . Because repetitive elements and TE are strongly enriched in small interfering RNA (siRNA), it has been assumed that reactivation of many repetitive elements and TEs induces production of siRNA in the endosperm (Hsieh et al. 2009 ). siRNAs are involved in the RNA-directed DNA methylation (RdDM) pathway and participate in transcriptional silencing. Thus, it was proposed that siRNAs produced from the central cell and endosperm are transported to the egg and embryo, respectively, where they reinforce their silencing effect (Hsieh et al. 2009, Bauer and Fischer 2011) . This assumption will be addressed in the near future.
Interestingly, a similar TE silencing mechanism by siRNA between the pollen vegetative cell and sperm cell was suggested previously (Schoft et al. 2009 , Slotkin et al. 2009 ; see also Gutierrez-Marcos and Dickinson 2012). Furthermore, several MEGs, including MEA and FWA, are activated via DME-mediated DNA demethylation, in the pollen vegetative cell, which plays a role in pollen germination and pollen tube elongation (Schoft et al. 2011) . The vegetative cell is not fertilized, but both the vegetative cell and endosperm have a similar function in supporting reproduction without transmitting their genetic information to the offspring. Therefore, a similar mechanism of TE silencing by the RdDM pathway through DNA demethylation in the vegetative cell and endosperm may have possibly developed.
Perspectives
Gemone-wide analyses suggested the similarity of genomic imprinting between mammals and plants. Recently, Zhang et al. (2011) reported that many non-coding RNAs are imprinted in maize. In mammals, a number of imprinted long non-coding RNAs have been reported and they play important regulatory roles within their imprinted clusters. The verification of a similar regulatory mechanism by plant non-coding RNA is needed.
The advances in sequencing technology and genome-wide analyses revealed multiple imprinted genes in Arabidopsis, rice and maize. Now it is also possible to analyze the imprinted genes in many other species. On the other hand, the function and effect on nutrient allocation of many imprinted genes is not fully known yet. A better understanding of the function of imprinted genes will shed light on the evolutionary processes that led to imprinting of genes in plants.
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